Formation and Structure of Graphene Waves on Fe(110)
A very rich Fe-C phase diagram makes the formation of graphene on iron surfaces a challenging task.
Here we demonstrate that the growth of graphene on epitaxial iron films can be realized by chemical vapor deposition at relatively low temperatures, and that the formation of carbides can be avoided in excess of the carbon-containing precursors. The resulting graphene monolayer creates a novel periodically corrugated pattern on Fe(110). Using low-energy electron microscopy and scanning tunneling microscopy, we show that it is modulated in one dimension forming long waves with a period of $4 nm parallel to the [001] direction of the substrate, with an additional height modulation along the wave crests. The observed topography of the graphene/Fe superstructure is well reproduced by density functional theory calculations, and found to result from a unique combination of the lattice mismatch and strong interfacial interaction, as probed by core-level photoemission and x-ray absorption spectroscopy. DOI One of the major routes for producing high-quality monolayer graphite (MG or graphene) on a large scale is the use of metal substrates as a support for its growth [1] . On close-packed 3d metal surfaces graphene can grow in a lattice-matched fashion, e.g., on Ni(111) [2] [3] [4] [5] [6] and Co(0001) [7, 8] , where it is strongly bonded to the substrate due to the metal 3d-C2pðÞ orbital mixing, or on Cu(111) [9] , where graphene is weakly physisorbed because the Cu 3d states are fully occupied and pushed down from the Fermi level. Altogether, nearly flat epitaxial graphene monolayers of high structural quality can be formed on all these substrates. In contrast, on the close-packed surfaces of 4d and 5d transition metals graphene monolayer is lattice-mismatched resulting in a variety of moiré superstructures and associated with them geometrical corrugations. Symmetry and periodicity of the corrugation are dictated by the lattice mismatch, while the corrugation amplitude and the average carbon-to-substrate distance are defined by the strength of metal 4ð5Þd-C2p chemical interaction. Different structures were found for graphene adsorbed on Pt(111) [10] [11] [12] , Ir(111) [11, [13] [14] [15] , Rh(111) [11, 16] and Ru(0001) [11, [17] [18] [19] . While on Pt(111) graphene can be considered quasifreestanding and shows almost no corrugation due to the weak interaction with the substrate, it is slightly buckled on Ir(111) and strongly corrugated on Rh(111) and Ru(0001) [11] . Corrugated graphene monolayers were shown to be robust and versatile templates for self-assembly of metal clusters, nanoparticles, etc., in 2D arrays [16, [20] [21] [22] .
It is remarkable in this context that the interface between graphene and the most widespread transition metal, iron, has not been studied in detail yet. The main reason for this is probably the challenging procedure of graphene growth. In the Fe-C phase diagram the separation of phases into bcc-iron and graphite is suppressed because of the preferential nucleation of the metastable Fe 3 C phase [23] . Therefore, the very possibility of growing graphene on top of a Fe film is a priori not evident, because the formation of different combinations of bcc-and fcc-iron with iron carbide (cementite, Fe 3 C) is thermodynamically favorable. From a practical point of view, the technology of graphene growth on Fe films is very attractive because of the considerable price reduction in comparison with using other transition metal substrates. A recent report from Fujitsu Laboratories demonstrated a potential of Fe catalyst films for production of multilayer graphene for topgated field effect transistors [24] .
Provided a single monolayer of graphene can indeed be grown on a surface of bcc Fe, its morphology is expected to be very different from the nearly flat sheets formed on the close-packed surfaces of other 3d metals, because none of the Fe faces is lattice-matched to graphene in two dimensions. On the other hand, graphene is expected to interact strongly with Fe (by analogy with Ni and Co), and the shortest Fe-Fe distance (0.248 nm) is close to the lattice constant in graphene (0.246 nm). In this connection, the Fe(110) face with its distorted hexagonal symmetry is a good candidate for new types of graphene nanopatterning, e.g., striped corrugation patterns, because of a partial match to the graphene lattice.
In this Letter we demonstrate that it is possible to grow high-quality single-layer graphene on the Fe(110) substrate by fine tuning the conventional CVD process and by going beyond the conditions of thermodynamical equilibrium.
By a combination of several experimental techniques and theoretical calculations we show that graphene on Fe(110) represents a complex surface superstructure and determine its periodicity, corrugation, and the nature of interaction between graphene and the substrate. Based on the experimental results and DFT we suggest an atomic model for the graphene=Feð110Þ interface.
The core-level spectroscopy (PES and NEXAFS) and the LEED=LEEM experiments were performed at the MAX-lab beam lines D1011 and I311, while STM studies were performed in a separate chamber. Fe films with the (110) orientation and the thickness of $20 nm were grown epitaxially on the W(110) surface precleaned in UHV. The MG samples were prepared by thermal decomposition of the C 3 H 6 gas at temperatures between 520 and 600 C in the gas pressure of 2-4 Â 10 À6 mbar for $200 s. At 520 C the C 3 H 6 pressure corresponding to an equilibrium between the number of deposited and reevaporated C atoms is around 1 Â 10 À8 mbar, but only the iron carbide phase formation has been observed at this low pressure. When the hydrocarbon gas pressure was kept in the range of 10 À7 mbar (in the same temperature range), a mixture of carbide and graphene was typically observed. Therefore, highly nonequilibrium growth conditions with excess of carbon are essential to suppress the formation of Fe carbide in favor of graphene growth.
The carbide and graphene phases can be clearly distinguished in low-energy electron microscopy (LEEM). In Fig. 1 (a) a LEEM image recorded in the tilted bright-field mode clearly shows two domains of iron carbide on Fe(110) aligned preferably along the step edges, with the characteristic LEED patterns from each domain shown in Fig. 1 Fig. 1(b) showing a uniform coverage of the iron surface with a graphene monolayer. Because of the carbon solubility in iron, graphene bi-and trilayers can be grown too by adjusting the growth parameters, but they are not discussed further in this Letter. The dark elongated features are due to the large-scale defects (cracks) developed in the Fe film upon annealing. The LEED from MG=Feð110Þ The chemical contrast between carbide and graphene is reflected in a large binding energy shift ($ 1:3 eV) and different shape of the C 1s photoemission line, as shown in Fig. 1(e) .
The large-scale real-space structure of graphene on Fe(110) is shown in the overview STM image [ Fig. 2(a) ]. The surface is covered by graphene completely, except the patches of a disordered phase (denoted A on the image) with the areal fraction of 5 to 10%, which can be associated with the dark protrusions observed by LEEM [ Fig. 1(b) ]. The moiré superstructure attributed to the MG=Feð110Þ interface appears in the overview STM images as long equidistant stripes with a periodicity of $4 nm. Zooming on these stripes [ Fig. 2(b) ] allows us to estimate the corrugation amplitude perpendicular to them as $0:6 AE 0:2 A (based on analysis of many images). A profile of the STM tip height along the green line across the stripes is depicted in Fig. 2(c) , and a simple sinusoidal fit serves as a guide to the eye (note that the real profile has a more complicated shape). The image in Fig. 2(d) provides insight into the atomic structure of graphene=Feð110Þ by zooming on the area marked with a square in Fig. 2(a) . In this image individual graphene rings are clearly visible, with the hexagonally arranged dips attributed to the centers of the rings and honeycomb-shaped bright protrusions associated with the electron density centered on C atoms. The surface supercell deduced from our LEED=LEEM studies is marked on Fig. 2(d) , while the top-right inset in the panel shows the very same patch of the scan, averaged over the depicted supercell. To emphasize the agreement between the STM and LEED=LEEM results, we show in Fig. 2 (e) a fast Fourier transform (FFT) from the supercell-averaged image in Fig. 2(d) . The FFT image is very similar to the LEED pattern in Fig. 1(b) implying the long-range structure of the MG=Feð110Þ interface is preserved on the nanometer scale. Thus, the sample surface is covered with a graphene monolayer, which shows a complex moiré superstructure and is significantly corrugated. Interestingly, a monolayer of hexagonal BN (which is isostructural and isoelectronic to graphene) can also be grown on Fe(110), but it forms two distinct domains with a very different surface reconstruction due to inequivalent bonding of the B and N sublattices to iron [25] . The detailed atomic structure of the MG=Feð110Þ interface has been studied with the spin-polarized ground-state density functional theory (DFT) calculations. The calculations were performed using LDA exchange-correlation potential with SIESTA pseudopotential package [26, 27] with the basis-set setup DZP for iron and DZ for carbon. We have optimized the MG=Feð110Þ structure by calculation of forces acting on atoms until those are converged below 0:05 eV= A. We set up a simulation cell consisting of 6 flat layers of iron and added graphene on top of it, which initially was flat. In the first step of relaxation only a z coordinate of carbon was allowed to relax. After that converged, the positions of all C atoms and the Fe atoms in the two topmost substrate layers were allowed to relax in all coordinates. The geometrical interface relief in the calculated MG=Feð110Þ system is strongly corrugated [ Fig. 3(a) ]. The distances of the graphene monolayer from the average z-coordinate of the topmost Fe layer are 2.12 Å (minimal), 3.03 Å (maximal), and 2.32 Å (average), resulting in the overall corrugation amplitude of $0:9
A. The topmost Fe layer is also slightly buckled following the corrugation of graphene, although with a reduced amplitude of 0.18 Å . Of 238 C atoms in the supercell only a small fraction is considerably elevated over the Fe surface: 20 atoms are above 2.7 Å , 8 atoms are above 2.9 Å . They are hardly visible on the overview STM images resulting in a somewhat smaller experimental corrugation, which is only 0:6 AE 0:2 A perpendicular to the graphene waves (i.e., perpendicular to the [001] direction of the substrate). The distances around 2.7 Å are too short for breaking the C-Fe covalent bonds, and the entire graphene film is strongly interacting with the substrate. In Fig. 3(b) a calculated STM image is plotted using the Tersoff-Hamann approximation. The range of the local density of states (LDOS) was set to AE0:05 eV around the Fermi level. The plot shows a map of the tip z coordinate, at which LDOS has a constant value of 10 À5 states=ða:u:Þ 3 . The range of z values is consistent with the calculated corrugation of the graphene layer; it agrees qualitatively with the observed STM patterns in Fig. 2(b) . On the whole, we suggest that the real geometrical corrugation of graphene on Fe(110) lies between the STM value of 0.6 Å and the DFT value of 0.9 Å . Note that the LDA may be a source of some inaccuracy in our calculations. Improved exchange-correlation functionals, e.g., those including van der Waals interaction, may further improve the accuracy of the resulting corrugation pattern.
The electronic structure of graphene on Fe(110) has been studied by photoemission and x-ray absorption. The C 1s PE spectrum in Fig. 4(a) is dominated by one strong component with the binding energy of 284.9 eV and the full width at half maximum of 0.5 eV, which are the same as for the C 1s photoemission spectroscopy (PES) from graphene chemisorbed on the lattice-matched Ni(111) surface, shown here as a reference. This implies that graphene interacts strongly with Fe(110), and its electronic structure is significantly disturbed. The weak component at $283:4 eV is probably due to a small admixture of carbide, while another weak component at $284:4 eV may be due to flake edges or Stone-Wales defects in graphene, because its intensity can be reduced by lengthy annealing. This fact correlates with the observation of Stone-Wales defects in graphene grown on Ni(111) at insufficiently high temperatures [28] . In the C 1s PE spectrum from strongly corrugated graphene the signal is usually split in two distinct components corresponding to the bonding and nonbonding (elevated) parts of the monolayer, as shown in Fig. 4(a) for graphene on Rh(111) [11] . No such splitting of the C 1s core level is observed for graphene on Fe(110). An obvious reason for this is a lack of extended flat regions of graphene lifted significantly above the metal surface, as shown in the DFT calculations above. This implies that the entire monolayer is strongly coupled electronically to the Fe substrate, even at the crests of the stripes.
The C 1s NEXAFS spectrum from the MG=Feð110Þ system [ Fig. 4(b) ] is dominated by details A 0 -A-A 00 corresponding to unoccupied states of the symmetry. In comparison with the C 1s NEXAFS spectrum from HOPG, the region of the states is strongly modified for graphene on Fe(110) due to the pronounced Fe 3d-C2pðÞ orbital hybridization, very similar to the case of graphene chemisorption on Rh(111) [11] and Ni(111) [6] . Also the energy separation between the (A 0 -A-A 00 ) and (B, C) manifolds in the C 1s NEXAFS is reduced in going from HOPG to graphene on Rh, Fe, and Ni, reflecting a weakening of the in-plane bonds as a result of this chemisorption. Moreover, this separation is slightly reduced also in going from graphene on Rh to graphene on 3d metals, thus suggesting a further increase in the interaction strength. This may explain why the corrugation of graphene is less pronounced on Fe(110) than on Rh(111), and does not result in a double-peak structure in the C 1s PES.
In conclusion, we report on the possibility of in situ graphene growth on the Fe(110) surface by going beyond the thermodynamic equilibrium conditions during the CVD process to avoid formation of carbide phases. The resultant graphene adlayer demonstrates high structural quality and low defect density. Graphene on Fe(110) is strongly chemisorbed and corrugated in a periodic wavy pattern, with the distance of $4 nm between the waves and the amplitude between 0.6 and 0.9 Å perpendicular to the waves. A unique combination of the lattice mismatch and strong Fe 3d-C2pðÞ orbital hybridization is responsible for the formation of graphene waves on Fe(110).
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